Chemical warfare agents Abstract. We propose detecting a fragment ion (Ph 2 As + ) using counter-flow introduction atmospheric pressure chemical ionization ion trap mass spectrometry for sensitive air monitoring of chemical warfare vomiting agents diphenylchloroarsine (DA) and diphenylcyanoarsine (DC). The liquid sample containing of DA, DC, and bis(diphenylarsine)oxide (BDPAO) was heated in a dry air line, and the generated vapor was mixed into the humidified air flowing through the sampling line of a mass spectrometer. Humidity effect on the air monitoring was investigated by varying the humidity of the analyzed air sample. Evidence of the in-line conversion of DA and DC to diphenylarsine hydroxide (DPAH) and then BDPAO was obtained by comparing the chronograms of various ions from the beginning of heating. Multiple-stage mass spectrometry revealed that the protonated molecule (MH + ) of DA, DC, DPAH, and BDPAO could produce Ph 2 As + through their in-source fragmentation. Among the signals of the ions that were investigated, the Ph 2 As + signal was the most intense and increased to reach a plateau with the increased air humidity, whereas the MH + signal of DA decreased. It was suggested that DA and DC were converted in-line into BDPAO, which was a major source of Ph 2 As + .
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Chemical warfare agents Abstract. We propose detecting a fragment ion (Ph 2 As + ) using counter-flow introduction atmospheric pressure chemical ionization ion trap mass spectrometry for sensitive air monitoring of chemical warfare vomiting agents diphenylchloroarsine (DA) and diphenylcyanoarsine (DC). The liquid sample containing of DA, DC, and bis(diphenylarsine)oxide (BDPAO) was heated in a dry air line, and the generated vapor was mixed into the humidified air flowing through the sampling line of a mass spectrometer. Humidity effect on the air monitoring was investigated by varying the humidity of the analyzed air sample. Evidence of the in-line conversion of DA and DC to diphenylarsine hydroxide (DPAH) and then BDPAO was obtained by comparing the chronograms of various ions from the beginning of heating. Multiple-stage mass spectrometry revealed that the protonated molecule (MH + ) of DA, DC, DPAH, and BDPAO could produce Ph 2 As + through their in-source fragmentation. Among the signals of the ions that were investigated, the Ph 2 As + signal was the most intense and increased to reach a plateau with the increased air humidity, whereas the MH + signal of DA decreased. It was suggested that DA and DC were converted in-line into BDPAO, which was a major source of Ph 2 As Introduction D i p h e n y l c h l o r o a r s i n e ( P h 2 A s C l , D A ) a n d diphenylcyanoarsine (Ph 2 AsCN, DC) are vomiting agents that were first synthesized in Germany and have been used as chemical warfare agents (CWA). The former Japanese military massively produced chemical weapons during World War II that consisted of a mixture of DA and DC [1] . Most of them were left in China and have been scheduled to be destroyed [1] . Analyses of real samples [2] suggest that these agents can degrade but be present after 70 y of storage. DA and DC are considered to have a high chronic toxicity, which is similar to that of another organoarsenic CWA Lewisite l (L1), attributable to their trivalent arsenic [3, 4] . Therefore, air monitoring of these agents is needed for the hygiene management of workers and the local populations within the chemical weapons storage and disposal areas. The concentration of 1 μg/m 3 , which is similar to a worker/general population limit for L1 (3 μg/m 3 ) [5] , is supposed to be monitored. Ion mobility spectrometry (IMS) [6] and gas chromatography (GC) [7] have been frequently used for monitoring toxic substances, including chemical warfare agents (CWAs). However, frequent false alarms occur when using IMS-based methods because of their poor selectivity. GC-based methods afford a higher selectivity when a mass spectrometric [8] or element-specific detection [9] is adopted. However, a sample concentration prior to GC is generally needed to meet the sensitivity requirements of hygiene management. In addition, derivatization reaction [10] is essential for the detection of small quantities of DA and DC to prevent their degradation during sample pretreatment. Laboratory analyses of DA, DC, and their related compounds extracted from sediment [11, 12] and water [12, 13] have been conducted using chromatographic methods. However, it is believed that there are no reports on the on-site air monitoring of DA and DC using the GC-based methods because the sample concentration and derivatization processes are particularly laborious for these nonvolatile agents.
We previously demonstrated that the direct air-monitoring method using counter-flow introduction atmospheric pressure chemical ionization ion trap mass spectrometry (CFI-APCI-ITMS) allows for the detection of a wide variety of CWAs without needing any sample pretreatment [14] . The use of multiple-stage mass spectrometry (MS n ) for the protonated molecule (MH + , M denotes the molecule of interest) of intact agent was highly sensitive for most of the volatile and nonvolatile 17 agents including DA and DC.
Among the volatile and nonvolatile agents, mustard gas (HD) and L1 were exceptional in that their reaction products provided higher ion signal intensity than their intact molecule under moderate or higher humidity conditions. As is described in a separate report [15] , HD was oxidized in-line (through a sampling line between the sampling position and the APCI site) and an oxidized product provided a higher MH + signal than the intact HD. L1 was hydrolyzed in-line and a negative ion of a reaction product provided the most intense signal under a wide range of air humidity.
As for DA and DC, ion peaks other than those of the MH + (base peak) and a fragment ion (Ph 2 As + ) were small under a moderate humidity condition, and the fragment ion was believed to be formed via the in-source fragmentation of the MH + . However, humidity is expected to widely fluctuate in the field and may cause in-line degradation reactions of DA and DC. The in-line reactions may be significant in the real use where a long (30−40 m) sampling tube is required for the safety of operators and the convenience of instrumental maintenance.
In this study, we investigated the in-line reactions of DA and DC in a CFI-APCI-ITMS instrument. Humidified air was generated by mixing moisture into dry air and introduced into the sampling line of the instrument. The sample vapor of DA, DC, and a condensation product bis(diphenylarsine)oxide [(Ph 2 As) 2 O, BDPAO] was mixed into the stream of the humidified air. A sample-vapor generation and introduction method (thermal desorption method) was specially designed for this study. A dry air line was spiked with the sample solution at room temperature for the sample to be adsorbed on the inner surface of the dry air line. The line was then heated to desorb the sample from the surface to be mixed into the humidified air stream. The chronograms of the ions formed from DA, DC, and their related compounds were recorded from the beginning of heating.
We found that DA and DC undergo in-line hydrolysis reactions. As a result, we propose detecting the fragment ion (Ph 2 As + ) for the air monitoring of DA and DC, since the fragment ion was common to DA, DC, and their in-line reaction products, and gave strong MS 2 and MS 3 signal intensities over a wide range of humidity. It is allowable to measure the total DA and DC concentration since the toxicities of DA and DC are similar [3] .
Experimental

Chemicals and Sample Preparation
DA and DC (purity: >95%) and BDPAO (purity: >94%) were purchased from Hodogaya Chemical Co. Ltd. (Tokyo, Japan), and the other reagents were analytical grade. Standard solutions of DA and DC were prepared in n-hexane. n-Hexane was used as the solvent for two reasons. First, it is inefficiently ionized by APCI and, therefore, it hardly suppresses the ionization of the analytes. Second, it is non-hygroscopic and, therefore, the analytes are expected to barely be hydrolyzed in the solutions. BDPAO, which was hardly dissolved in the n-hexane, was dissolved in methanol to 1% (w/v), and then diluted with nhexane.
Instrument
A CFI-APCI-ITMS instrument (DS-1000; Hitachi, Tokyo, Japan) was used for this study. As previously described [14] , a corona discharge was used for generating the reactant ions (hydronium ions in positive ionization), which can react with the analyte molecules to ionize them. The formed ions were introduced into a vacuum system installed with a quadrupole ion trap mass analyzer capable of MS n (n ≦ 3). Positive-and negative-ion analysis modes were used. Protonation and deprotonation reactions are major ionization reactions in this instrument [15] .
Sample Air Generation
Figure S-1 in the Supporting Information shows a schematic of the system for the sample air generation using the thermal desorption (TD) method. A sample air stream (1.2 L/min) was generated by mixing a humidified air stream and a dry air stream containing the sample vapor, and was introduced into the sampling line (55 cm) of the instrument, as shown in Figure 1 . A pressurized dry air sylinder (dew point of -70°C; Tomoe Shokai, Tokyo, Japan) was used for generating three dry air streams by flow regulators. Two of them were used for generating the humidified air stream. The sample vapor was generated in anothor dry air stream.
The humidified air stream was generated by mixing two dry air streams after one stream was immersed through a water bath at room temperature (23°C). The flow rate of the humidified air stream was controlled to be 2 L/min by adjusting the flow rates of the two dry air streams. The humidified air was fed through a heated humidified air line (180°C) into the sampling line of the CFI-APCI-ITMS instrument. The instrument was set to suck air at the rate of 1.2 L/min at default. The excess of the mixed stream was evacuated from a branch of the heated tube into the atmosphere and used for monitoring humidity. The humidity of the mixed stream was controlled by the mixing ratio of the two dry air streams. It could be varied in the range of 0 to 20 g/m 3 (100% relative humidity at 23°C). In order to raise the humidity above 20 g/m 3 , water was infused into the heated humidified air line from a site upstream the branch with a syringe pump. The humidity could be controlled in the range of 20-70 g/m 3 by varying the rate of infusion in the range of 0-100 μL/min.
A standard solution (4 μL) was injected into a dry air line with a syringe through a sample injection port at the room temperature. After waiting 1 min to leave the solvent vaporized, a dry air stream (0.2 L/min) started to flow. After waiting another 1 min to blow away the solvent vapor, the temperature of the dry air line and the sample injection port was raised to 310°C within 7 min, and maintained at 310°C for 2 min to completely desorb the adsorbed compounds. The dry air line was then cooled to room temperature by blowing room air over the line. A blank measurement was conducted in the same way before every measurement and it could be confirmed that there were no significant signals of ions of interest. All the lines were composed of stainless steel tubes with 4-mm inner diameter. The sample air flowed through the sampling line at the speed of 1.7 m/s and it took 0.3 s.
Degradation of DA, DC, and BDPAO during the thermal desorption is improbable. Hanaoka et al. [2] analyzed the standard solution of DA, DC, and BDPAO by GC. They detected carbon and arsine emissions and observed no signals other than the signal of intact DA, DC, and BDPAO. They used on-column injection, instead of split/splitless injection, to prevent the degradation caused by the joint effect of solvents and high temperature at the injection port. The temperature of the column oven was increased up to 280°C. In the present study, the sample of DA and DC provided the ion signal of intact DA and DC in the chronogram over the temperature of 120-260°C (corresponding to the time of 1-5 min). The sample of BDPAO provided the ion signal of intact BDAPO in the chronogram over the temperature of 220-310°C (corresponding to the time of 4-7 min). These results indicates that DA, DC, and BDPAO did not degrade during the thermal desorption.
In another way (injection method), the dry air line was replaced with another sample injection port through which a standard solution was injected to be vaporized in the heated sampling line.
Unless otherwise mentioned, the temperatures of the sampling line, the ionization chamber, and the ion inlet into the vacuum system were kept at their instrumental upper limit (210°C) to suppress the adsorption of compounds. For the sake of convenience, the humidity ranges were defined as the following three levels: low (0-5 g/m 
System Check
The soundness of the CFI-APCI-ITMS instrument was checked daily before starting experiments. It was done using test compounds, parachloroacetophenone (PCN) and 2,4,6-trichlorophenol (TCP) for the positive-and the negative-ion analysis mode, respectively. Two microliters of a n-hexane solution of a test compound was injected into the sampling line five times and the average mass-spectral peak height of the porotonated molecule (for PCN) or the deprotonated molecule (for TCP) was ascertained to be similar to the predetermined standard value. In addition, the mass-spectral peak hight of the positive or the negative reactant ion, H 3 O + or O 2 − , respectively, was monitored throughout the experiments. When it decreased significantly, the instrument was maintenanced before restarting the experiments. The soundness of the tubing for sample air generation and transportation was checked by ascertaining that the mass-spectral peak width of TCP, which is more sensitive to the surface condition of the tubing than PCN. When the peak width increased significantly, the tubiung was cleaned up. The injection of the test compounds was done through extra sample injection ports (not shown in figures).
Safety Considerations
DA, DC, and BDPAO are toxic and were handled by specially trained personnel. All our experiments were conducted in a specific facility. Exhaust sample air was evacuated into a fume hood equipped with an alkaline solution scrubber system.
Results and Discussion
Mass Spectrometric Assignment of DA, DC, and Related Compounds
Using the injection method, the vapors of DA, DC, and BDPAO were introduced into the instrument under Table 1 . It should be noted that the Ph 2 As + ion was intensely observed in the mass spectra. The Ph 2 As + ion was also observed in the MS 2 product-ion spectra for the MH + of DA, DC, DPAH, and BDPAO, indicating these MH + ions formed the Ph 2 As + ion through their in-source fragmentation. According to the reported degradation process in a natural environment (Scheme 1) [3] , DA and DC are hydrolyzed into DPAH, which forms BDPAO via a dehydration-condensation reaction, and BDPAO is hydrolyzed back to DPAH or degrades to DPAA. We considered DPAA might also be formed by the oxidation of DPAH, but could not obtain the evidence.
Here, we propose detecting the Ph 2 As + ion for the air monitoring of DA and DC based on the following in-line, ionization, and in-source fragmentation reactions.
In-line reactions: Figure 2 . Mass spectra for DA, DC, and BDPAO vapors under various air humidity conditions. A 2-μL drop of a 10-μg/mL standard solution of DA, DC, or BDPAO was injected into the heated sampling line of the CFI-APCI-ITMS As described in the reaction (a), the gas phase hydrolysis reactions would be expected to produce HCl and HCN, which can be the source of the chloride ion (Cl − ) and the cyanide ion (CN − ) [14] , respectively. In-source fragmentation of the MH + of DA and DC is also expected to produce HCl and HCN, respectively, as is suggested by their MS 2 transitions (Table 1 ). HCl and HCN thus produced are possibly the source of Cl − and CN − , respectively, observed in the negative-ion analysis mode (Figure 2b-1, b-3 ).
In-Line Reactions of DA and DC
Using the TD method, the samples of DA alone, DC alone, and BDPAO alone were introduced into the instrument under a moderate (17 The time of appearance of these peaks was considerably later than the peaks provided by the DA-and DC-alone samples. Since BDPAO has a molecular weight 1.8 times heavier than that of DA and DC, it is less volatile and likely has a higher boiling point. Therefore, it is rational to consider that BDPAO desorbs later compared with DA and DC and undergoes an in-line reaction to form degradation products (DPAH and DPAA). The possibility that BDPAO degrades before desorption can be eliminated because the atmosphere in the sample injection port is dry and DPAH, if it is generated, may desorb earlier than BDPAO. Accordingly, it is plausible that the peaks in the chronograms of [BDPAO + H] + for the DA-and DC-alone samples are attributed to the in-line reaction product of DPAH. It was not clarified whether DA/DC was hydrolyzed to DPAH in-line or before desorption. However, if we look into the details in Figure 3 , the time of the peak onset (T PO ) of the DC signal (80 s) was 20 s later than that of the DA signal (60 s). This difference in T PO between the two compounds is consistent with the difference in boiling points [16] between DA (333°C) and DC (350°C). Since the T PO of the DPAH signal was almost the same as that of the DA (and DC) signal for the DA-alone (and DC-alone) sample, one of peaks of the DPAH signal should include the signal of DPAH, which was formed through the in-line hydrolysis of DA/DC. The oxygenation reaction, which is expected to be needed for DPAA formation, might be caused by the reactive oxygen species generated in the corona discharge, as is evident for a HD simulant [15] . 
Only monoisotopic ions are listed with possible fragmentation schemes in parentheses * The replication of the above measurements was checked by measuring mixture samples. As shown in Figure S-4 in Supporting Information, the sample of DA and BDPAO mixture provided the chronogram that can be regarded as the sum of the chronograms for DA-alone and BDPAO-alone samples for all ions investigated, and likewise the sample of DC and BDPAO mixture.
Source of Ph 2 As +
The protonation reaction in APCI is generally expressed as M + (H 2 O) n H + → MH + + (H 2 O) n . This reaction is promoted when the proton affinity (PA) of M is higher than that of the water cluster, and the liberated energy, which corresponds to the PA difference between M and the water cluster, will remain largely in MH + [17] . The energetically excited MH + will dissociate or be relaxed through collisions with the surrounding air constituents. As the air humidity increases, the water cluster will become larger and thus have a higher PA because a charge can be more widely delocalized [17] . Since the PA difference is smaller, both the protonation reaction of M and the dissociation of MH + will be suppressed [18] . Therefore, the signal intensity of the in-source fragment ion derived from MH + will generally decrease by the increase in humidity.
The effect of humidity on the signal intensities of Ph 2 As + and MH + of DA, DC, DPAH, BDPAO, and DPAA was investigated. Using the TD method, 1 μg of DA/DC was introduced into the instrument under various humidity conditions. The vapor concentration was calculated to be 200 μg/m 3 by dividing 1 μg by volume of air sucked up by the instrument during the appearance of the ion signal in the chronogram. The average ion signal intensity over the peak area in the chronogram was plotted against the humidity in Figure 4 . Because of time limitation, this set of measurements was not repeated. However, similar results were obtained in preliminary measurements by injecting a standard solution directly into the sampling tube. In addition, blank measurements where no significant signals were observed support the reliability of the results.
Time (min)
Time ( + signal had a pattern that was similar to that of the Ph 2 As + signal. Since the probability of in-source fragmentation of MH + is considered not to increase with increased humidity, the increase of Ph 2 As + signal intensity with increased humidity can be attributed to the increase of [BDPAO + H] + . Therefore, it is rational that DA degrades to BDPAO, which is a major source of Ph 2 As + under a moderate or higher humidity.
For DC, in contrast to the case for DA, the [DC + H] + signal once increased and then decreased as the humidity increased from zero. This type of humidity effect on the MH + signal intensity is plausible if the proton affinity (PA) of M is so high that the number of protons is small under low humidity conditions. It should be noted that water is the source of proton. Assuming that the degradation of DA and DC is negligible under zero humidity, the sum of MH + and its in-source fragment Ph 2 As + signals is considered to represent the PA. Because the sum is higher for DC than for DA under zero humidity as is seen from Figure 4 , DC is considered to have higher PA than DA. ), as was calculated from Figure 4) , we can see that DC largely contributes as the source of Ph 2 As + to the increase in the Ph 2 As + signal intensity.
Air Monitoring Test
Humidified air containing DA vapor of 6 μg/m 3 was continuously introduced into the instrument. The Ph 2 As + ion was monitored for the detection of DA because it provided the most intense signal among all the positive and negative ions characteristic of DA and DC in both MS 2 and MS 3 modes, irrespective of the humidity, as is seen for the positive ions in the MS 3 mode in Figure 4 . The humidity effect on the Ph 2 As + and the [DA + H] + signal intensities is shown in Figure 5 . The DA vapor was generated using the modified injection method shown in Figure 5 . One-second measurement was alternately repeated several hundred times for each ion under a humidity condition and the average signal intensity was plotted. Similarly to the results in Figure 4 , the signal intensity of Ph 2 As + increased to reach a plateau, whereas that of [DA + H] + decreased to its background level as the humidity of the humidified air increased from zero (dry air humidity).
From the signal intensity of Ph 2 As + in Figure 5 and the standard deviation of its background signals, the signal-tonoise ratio of the air monitoring of DA was calculated to be 860 in 20 g/m 3 humidity. The background signals were measured for each 1-s duration (data not shown). The addition of water into the sampling line, which raises the humidity of sampled air, will allow for similar signal-to-noise ratio even under low humidity conditions. For example, the infusion of water with a syringe pump at the rate of 12 μL/min raises the humidity by 10 g/m 3 . Instrumentation for such water addition is simple and inexpensive.
Under 20 g/m 3 humidity, the fall time (to 10% signal intensity) of the Ph 2 As + signal was evaluated to be a few seconds by stopping the infusion of the standard solution. Subsequently the rise time (from 10% to 90% signal intensity) of the Ph 2 As + signal was evaluated to be a few seconds by restarting the infusion of the standard solution.
Conclusions
We proposed detecting Ph 2 As + ion for the air monitoring of DA and DC for hygiene management. Under the instrumental conditions used here, it is impossible to strictly measure the total concentration of DA and DC since the productivity of Ph 2 As + in-line is different between the DA and DC vapors. Improvement in quantification precision by controlling the inline reactions is a future challenge. Use of the long sampling tube, which is preferably used in the field, may be effective to hydrolyze DA and DC thoroughly. In such case, it is expected that the total DA and DC concentration can be accurately measured.
